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ABSTRACT 
Diagnostic  measurements  utilizing  a  single  Langmuir  probe  were  made 
on  an  Argon  plasma  with  the  plasma  facility  operating  in  the  reflex  arc 
configuration.   A  measuring  technique  was  developed  which  allowed  the 
use  of  an  X-Y  recorder  to  plot  probe  voltage  versus  probe  current  continuous- 
ly as  the  biasing  voltage  on  the  probe  was  swept  from  -60  volts  to  +120 
volts,  the  plasma  potential  being  approximately  +100  volts.   The  area  of 
principal  interest  in  the  reduction  of  the  data  was  the  Argon  ion  density. 
Densities  were  found  to  vary  radially  from  the  center  of  the  plasma  beam 
and  this  radial  variation  in  turn  varied  with  the  applied  magnetic  field. 
A  typical  density,  10  mm  from  the  center  of  the  beam  with  a  magnetic  field 
strength  of  3,000  gauss,  was  found  to  be  8.1  x  10u  particles/cm  . 
Densities  ranged  from  0.3  x  1011  particles/cm  at  a  magnetic  field  strength 
of  4,980  gauss  and  a  probe  distance  of  40  mm  to  29.0  x  lO1^  particles/cm 
at  a  magnetic  field  strength  of  7,020  gauss  and  a  probe  distance  of  5  mm. 
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1.  Introduction. 

This  work  is  a  continuation  of  studies  of  the  characteristics  of  a 
highly  ionized  plasma  which  have  been  in  progress  at  the  U.  S.  Naval  Post- 
graduate School  since  the  construction  of  the  plasma  facility.   The  purpose 
of  this  investigation  was  to  determine  some  of  the  operating  character- 
istics of  an  argon  plasma  in  the  presence  of  a  strong  magnetic  field.   The 
first  task  to  be  accomplished  was  to  devise  a  method  of  extracting  data  from 
the  plasma,  and  a  system  utilizing  an  electrostatic  probe  was  selected  as 
being  the  most  direct  approach  to  the  problem.   It  was  found  that  the  princi- 
pal difficulty  lay  in  arriving  at  a  satisfactory  method  of  measuring  and 
recording  the  data  which  was  available  on  the  probe.   This  problem  was 
solved  through  the  use  of  an  X-Y  recorder  which,  of  course,  performs  both 
functions  of  measuring  and  recording.   With  the  solution  of  the  measurement 
problem  it  was  decided  to  determine  the  ion  density  profile  in  the  beam, 
and  further  to  see  how  this  profile  changed  as  the  magnetic  field  intensity 
was  varied  through  a  range  of  600  gauss  to  8,000  gauss.   Several  sets  of 
measurements  were  made,  but  only  one  set  is  reported  as  being  consistent, 
in  that  the  entire  set  of  data  was  taken  over  a  period  of  approximately 
three  hours.   The  unreported  data  were  considered  to  be  unreliable  in  that 
they  were  gathered  over  periods  ranging  up  to  several  weeks  and  involved 
several  changes  of  the  cathode  assembly. 

2.  The  plasma  facility. 

The  plasma  facility  of  the  U.  S.  Naval  Postgraduate  School  consists 
principally  of  a  large  bore  pyrex  vacuum  tube  immersed  in  a  nearly  homo- 
geneous magnetic  field  (Figure  1). 

The  tube  is  a  nine  foot  long  assembly  of  four  inch  diameter  pyrex 
sections  providing  access  ports  at  14  inch  intervals.   The  continuous  plasma 
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source  is  a  hollow  cathode  discharge  operating  in  a  reflex  configuration 
using  either  argon  or  helium  at  a  cathode  pressure  of  approximately  1 
micron.   Measurements  reported  in  this  paper  were  made  using  an  argon 
plasma.   Differential  pumping  of  neutral  particles  is  utilized  to  give  a 
pressure  in  the  region  of  the  probe  of  the  order  of  10~->  mm  Hg.   The  dis- 
charge carries  up  to  200  amperes  at  160  volts.   The  longitudinal  magnetic 
field  in  which  the  tube  is  immersed  is  variable  up  to  10,000  gauss  and  is 
homogeneous  to  within  2.5%  along  the  axis  of  the  plasma  column.   The 
magnetic  field  is  provided  by  six  main  magnets,  a  cathode  magnet,  and  a 
mirror  magnet  at  the  floating  anode  end,  all  mounted  coaxial  to  the  tube. 
3.   Probe  theory. 

The  use  of  electrical  probes  has  been  fairly  common  for  many  years 
as  a  means  of  determining  electron  temperatures  and  densities  within  a 
plasma.   A  probe,  usually  a  small  insulated  wire,  is  inserted  into  the 
plasma  and  a  variable  potential  is  applied  to  it.   As  the  potential  is 
varied  from  greatly  negative  with  respect  to  the  plasma,  through  the 
plasma  potential  to  some  positive  value  with  respect  to  the  plasma,  a 
plot  of  probe  current  versus  probe  potential  would  look  somewhat  like 
Figure  3  in  the  idealized  case. 

Provided  the  probe  potential  is  sufficently  negative  with  respect  to 
the  plasma,  i.e.,  the  portion  AB  of  the  curve  in  Figure  3,  the  current 
drawn  will  consist  almost  entirely  of  positive  ions  gathered  by  the  probe, 
and  is  termed  the  random  ion  current,  i_j.   This  current  determined  by  the 
rate  at  which  ions  reach  the  probe  due  to  their  random  motion  in  the  plasma, 
As  the  probe  potential  becomes  less  and  less  negative  with  respect  to  the 
plasma,  electrons  are  able  to  reach  the  probe  as  well  as  ions  and  the 
current  begins  to  change  as  along  the  portion  of  the  curve  labeled  BC. 
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At  C  the  probe  is  now  at  what  is  known  as  the  floating  potential  and 
the  flux  of  electrons  to  the  probe  is  equal  to  the  flux  of  ions,  re- 
sulting in  no  net  current.   Here  the  probe  is  still  negative  with  respect 
to  the  plasma,  and  electrons  are  reaching  the  probe  against  this  retard- 
ing potential  simply  because  of  their  energy  and  random  motion.   If  the 
potential  of  the  probe  is  now  made  more  positive,  the  electron  current 
begins  to  rise  sharply  in  the  region  CD,  which  is  termed  the  transition 
region  of  the  characteristic.   When  the  probe  potential  is  increased  so 
that  point  D  on  the  characteristic  is  reached,  the  probe  is  now  at  the 
same  potential  as  the  plasma.   There  are  no  electric  fields  at  this  point, 
and  the  charged  particles  migrate  to  the  probe  because  of  their  thermal 
velocities.   Since  electrons  move  much  faster  than  ions  because  of  their 
small  mass,  what  is  collected  by  the  probe  is  predominately  electron 
current.   If  the  probe  voltage  is  made  positive  relative  to  the  plasma, 
electrons  are  accelerated  to  the  probe.   Moreover,  ions  are  repelled,  and 
what  little  ion  current  was  present  at  point  D  vanishes.   It  should  be 
ovserved  at  this  point  that  random  ions  reach  the  probe  throughout  the 
transition  region,  and  must  therefore  be  accounted  for  in  any  determination 
of  i  ,  the  electron  current.   This  may  be  done  by  extrapolating  the  portion 
AB  of  the  curve  out  to  the  right  and  subtracting  it  off  the  portion  BCD  of 
the  curve.   The  result,  then,  is  true  electron  current. 

If  one  assumes  a  Maxwellian  distribution  of  electrons  in  the  plasma, 
the  shape  of  the  curve  in  the  transition  region  is  exponential,  and  it 

can  be  shown  that: 

-e 

In  i.  =  "TTf    V  +  Constant 
e    kie    p 

It  follows  that  a  plot  of  In  i  versus  V  should  be  a  straight  line  with  a 

e        p 

-e 

slope  of  YT~   .   Hence,  the  electron  temperature,  T  ,  can  be  determined. 

e  ® 


Conventional  probe  theory  would  go  on  to  state  that  the  electron  density, 
n  ,  can  now  be  determined  from  Te .   However,  in  the  presence  of  a  strong 
magnetic  field,  this  latter  statement  breaks  down,  inasmucn  as  it  is 
based  on  the  assumption  that  the  random  electron  current,  i   ,  is  propor- 
tional to  the  electron  density,  n  .   The  principal  effect  of  a  strong 
magnetic  field  is  to  restrict  the  motion  of  the  particles  to  within  a 
gyromagnetic  radius.   For  electrons  in  a  plasma  immersed  in  a  field  of 
a  few  thousand  gauss  and  having  an  energy  of  4  to  5  electron  volts,  the 

gyromatnetic  radius  is  approximately  2  x  10   cm,  and  the  radius  of  probes 

_p 
used  is  approximately  2  x  10   cm.   We  see,  then,  that  the  effective  mean 

free  path  of  an  electron  in  a  plasma  in  such  a  magnetic  field  is  less  than 

the  dimensions  of  the  probe  by  an  order  of  magnitude. 

When  the  probe  is  much  larger  than  the  mean  free  path  of  the  electron, 
now  assumed  to  be  the  gyromagnetic  radius,  the  plasma  immediately  surround- 
ing the  probe  is  depleted  of  electrons  at  a  greater  rate  than  that  at 
which  they  can  be  replaced  by  random  motion.   Therefore,  in  a  magnetic  field, 
electron  current  if  markedly  decreased  because  of  the  small  effective  mean 
path.   The  electron  current  then  depends  upon  a  number  of  factors,  includ- 
ing electron  temperature,  probe  radius,  ion  energy  and  density,  and  mag- 
netic field  strength  as  well  as  the  electron  density.   In  spite  of  the  lack 
of  a  firm  theoretical  basis,  the  foregoing  discussion  on  determination  of 
T  appears  to  hold  as  well  for  a  plasma  in  a  magnetic  field  as  for  a  plasma 
without  a  magnetic  field. 

Since  the  probe  measurements  reported  in  this  paper  were  made  in  the 
presence  of  a  strong  magnetic  field,  the  small  gyroradius  of  the  electron 
invalidates  the  use  of  conventional  Langmuir  theory  for  determining  elec- 
tron density  as  described  above.   However,  one  can  make  the  assumption  that 
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the  electron  density  is  equal  to  the  ion  density,  and  the  ion  density  can 
be  determined  by  means  other  than  by  the  use  of  T  .   For  cylindrical  probes 
drawing  orbital-motion-limited  currents,  the  theory  developed  by  Langmuir 

and  Mott-Smith  (_4 J  indicates  that  the  ion  density,  n- ,  is  proportional  to 

2 
the  square  root  of  the  slope  of  the  plot  of  i  .   versus  V  ,  where  i  .  is 
'  ri         p'        ri 

the  random  ion  current  (equal  to  the  total  probe  current,  I)   in  the  region 
AB  of  the  characteristic,  i.e., 

d(J?)/dVp  =  -(2e3/t|'2mi)  nj 

where  J-  is  the  ion  current  density  at  the  probe  surface. 

The  conditions  in  the  present  experiment  do  not  exactly  satisfy  the 
Langmuir  -  Mott-Smith  criterion  for  current  limitation  to  the  probe  by 
orbital  motion,  i.e.,  that  the  ratio  of  the  sheath  radius  to  the  probe 

radius  be  much  greater  than  unity.   Experimentally,  however,  the  plots 

2 
obtained  of  I  vs  Vp  do  approach  a  constant  slope  at  large  negative  values 

of  V  as  can  be  seen  in  the  typical  plots  in  Figure  6.   The  above  relation- 
ship is  therefore  assumed  to  be  correct  and  is  used  to  determine  n. . 
r  l 

4.    Probe  technique. 

In  the  current  experiments  the  greatest  difficulty  encountered  was 
arriving  at  a  satisfactory  method  of  extracting  and  recording  the  data 
from  the  probe.   Three  principal  schemes  were  tried  which  will  be  described, 
The  description  of  the  first  two  schemes  will  be  brief,  however,  as  they 
proved  unsatisfactory. 

The  first  method  consisted  of  using  a  regulated  power  supply,  together 
with  laboratory  ammeters  and  a  voltmeter.   The  voltage  was  changed  in  in- 
crements of  10  volts  from  negative  with  respect  to  the  plasma  to  positive 
with  respect  to  the  plasma,  and  manually  reading  and  recording  the  voltage 
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and  current  at  each  step.   This  scheme  was  unsatisfactory  for  several 
reasons,  particularly  in  that  the  length  of  time  required  for  a  meas- 
urement at  higher  values  of  current  allowed  the  probe  to  overheat,  and 
in  several  instances  melt. 

The  second  method  was  different  from  the  first  in  that  the  probe 
voltage  and  current  were  fed  to  the  deflection  plates  of  a  cathode  ray 
oscilloscope.   The  sweep  was  still  manual  from  the  regulated  power  supply 
and  the  probe  current  was  limited  through  visual  observation  of  the  probe 
as  the  voltage  was  increased.   When  the  probe  reached  white  heat  the  volt- 
age was  removed.   This  method  proved  unsatisfactory  due  to  difficulty  in 
the  interpretation  of  the  CRO  polaroid  photographs.   Due  to  the  large  range 
of  the  current  it  was  necessary  to  use  a  CRO  with  three  horizontal  traces 
in  order  to  get  resolvable  data  at  the  extremes  of  the  current  range.   The 
calibration  of  the  CRO  varied  with  the  magnetic  field  in  the  plasma,  thus 
giving  data  of  doubtful  validity  unless  one  spent  more  time  calibrating  than 
measuring  data.   This  method  also,  then,  was  descarded  in  favor  of  the  third 
scheme. 

Instead  of  a  regulated  supply,  which  had  given  difficulties  in  the 
change  in  current  direction  at  plasma  potential,  a  battery  pack  of  six 
Eveready  W-363F  45-volt  batteries  was  used.   These  particular  batteries 
were  selected  because  of  their  current  handling  capacity.   The  batteries 
were  connected  in  such  a  way  as  to  give  the  capability  of  applying  voltages 
from  -90  to  +180  volts  to  the  probe  with  respect  to  cathode  potential.   The 
data  was  recorded  on  a  Houston  Model  HR-932  X-Y  recorder  through  suitable 
voltage  dividing  networks.   It  was  found  that  when  the  current  sensing 
resistors  were  placed  in  the  lead  to  the  probes  jumps  and  spikes  appear- 
ed in  the  current  trace  as  the  probe  voltage  was  varied.   It  was  decided 
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that  perhaps  the  probe  acted  as  an  L-C  circuit  and  should  therefore  provide 
some  filtering  effect  on  the  probe  current.   The  current  sensing  resistors 
were  placed  in  the  ground  return  lead  to  check  the  idea  and  it  was  found 
that  there  was,  indeed,  a  smooth  current  response  at  this  point  in  the 
circuit . 

The  probe  consisted  of  a  20  mil  tungsten  wire,  protruding  3  mm  from 
the  tip  of  an  insulating  sleeve  of  alumina  (AloO^),  the  entire  assembly 
mounted  in  a  1/4  inch  stainless  steel  tube.   The  probe  measurements  were 
taken  at  the  second  horizontal  port  from  the  cathode  end  of  the  plasma 
machine,  the  probe  being  introduced  into  the  plasma  tube  through  a  vacuum 
seal  plate  which  was  adjustable  to  allow  the  probe  to  be  positioned  to  move 
through  the  center  of  the  plasma.   A  set  of  aluminum  guage  blocks  was  de- 
vised, calibrated  in  increments  of  5  mm,  to  allow  positioning  of  the  probe 
radially  in  the  plasma  to  an  accuracy  of  +  1  mm. 

With  the  probe  system  thus  established  the  process  of  gathering  data 
was  begun.   The  measuring  technique  was  to  establish  the  plasma  at  a  given 
discharge  current  and  magnetic  field,  set  the  probe  at  40  mm  from  the  center 
of  the  plasma,  and  make  a  voltage  sweep,  plotting  V  vs  I  on  the  X-Y  record- 
er.  The  probe  would  then  be  moved  in  to  35  mm  and  the  voltage  swept  again. 
This  would  be  continued,  moving  the  probe  at  5  mm  intervals  from  40  mm  to 
5  mm.   The  magnetic  field  would  be  changed  and  the  process  repeated.   This 
would  continue  until  the  entire  spectrum  of  magnetic  field  strengths  had 
been  sampled. 

The  data  first  gathered  were  taken  over  a  time  span  of  several  weeks 
and  involved  a  change  of  cathode  several  times.   It  was  felt  that  such  data 
were  not  consistent  and  did  not  represent  an  accurate  appraisal  of  condi- 
tions within  the  tube,  so  a  complete  set  of  data  was  gathered  in  one  run  of 
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the  plasma  machine,  lasting  about  three  hours.   The  magnetic  field  was 
varied  in  increments  from  600  gauss  to  7,980  gauss  during  the  run,  probe 
measurements  being  made  at  each  increment. 
5.    Results  of  probe  measurements. 

The  results  of  the  measurements  made  are  reported  in  the  form  of  charts 
and  graphs.  Figure  5  shows  an  actual  X-Y  plot  made  by  the  Houston  recorder. 
The  plot  consists  of  two  traces,  (1)  at  a  current  sensitivity  of  20  ma/cm 
and  (2)  at  a  current  sensitivity  of  1  ma/cm.  It  can  be  seen  that  the  polar- 
ity of  (2)  is  reversed.  This  was  done  to  allow  both  traces  to  be  made  with- 
out the  necessity  of  changing  the  current  zero  line  on  the  recorder. 

Figure  6  is  an  I  vs  V  plot,  discussed  earlier,  figure  7  is  the  tabu- 
lated summary  of  results  obtained,  and  figure  8  is  a  plot  of  ion  densities 
versus  field  strength. 

Examination  of  figure  5  shows  a  remarkably  smooth  response  curve,  and 
this  plot  is  typical  of  the  several  hundred  plots  which  were  made.   The 
uniformity  and  smoothness  of  the  traces  were  somewhat  surprising  to  the 
writer,  for  earlier  measurements  made  by  manually  recording  voltmeter  and 
ammeter  readings  were  characterized  by  their  non-uniformity  and  lack  of 
smoothness. 

It  is  also  interesting  to  note  that  there  is  no  point  of  inflection 
in  trace  (2).   Gardner,  Barr,  Kelly,  and  Oleson  [_2  J  reported  a  "drooping" 
of  the  trace  as  a  result  of  thermionic  emission  of  electrons  by  the  probe. 
This  effect  was  observed, but  only  on  one  of  over  two  hundred  plots  made. 
The  relative  lack  of  observation  of  this  effect  was  in  spite  of  the  fact 
that  the  probe  was  biased  considerably  more  negative  with  respect  to  the 
floating  potential  than  Gardner,  et  al ,  biased  the  probe  utilized  in  their 
system.   From  this  comparison  it  is  concluded  that  thermionic  emission  of 
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electrons  from  the  probe  does  not  limit  the  usefulness  of  probe  data  gather- 
ed in  this  investigation,  nor  is  it  likely  to  be  a  limiting  factor  in  any 
similar  investigations  utilizing  this  plasma  facility. 

Plotting  In  ie  against  V  results  in  a  straight  line  trace,  indicating 
that  the  electron  distribution  is  indeed  Maxwellian.   The  electron  temp- 
erature determined  from  several  representative  plots  in  this  manner  gives  a 
temperature  of  4  to  5  electron  volts. 
6.    Recommendations. 

Due  to  the  relative  success  obtained  in  the  use  of  the  single  probe 
as  described  herein,  it  is  recommended  that  further  measurements  be  made 
in  a  similar  manner  of  the  ion  densities  on  the  outer  fringes  of  the  plasma. 
The  reliability  of  the  densities  as  reported  for  probe  distances  of  40  mm 
may  be  in  doubt  where  the  reported  density  is  less  than  1.0  x  10   parti- 
cles/cc.   This  is  due  to  the  fact  that  the  probe  current  was  approximately 
1  ma  or  less  in  the  region  of  ion  current,  and  the  maximum  sensitivity  of 
the  recording  system  was  1  ma  per  centimeter  at  the  time  of  the  measure- 
ments.  The  probe  circuit  as  described  in  this  paper  has  had  an  additional 
step  of  sensitivity  added  in  the  Y-channel,  calibrated  to  0.1  ma  per  centi- 
meter, for  the  purpose  of  making  additional  measurements  on  the  outer  fringe 
of  the  beam.   It  should  be  noted,  however,  that  there  will  always  be  a  small 
amount  of  current  flowing  through  the  voltage  sensing  voltage  divider,  and 
at  this  sensitivity  this  current  will  become  significant.   It  must,  there- 
fore, be  stripped  out  of  any  measurements  made  at  this  sensitivity. 

It  is  further  recommended  that  these  measurements  be  repeated  in  order 
to  determine  the  reproduceability  of  the  data.   Once  the  validity  of  the 
data  is  verified  by  means  of  additional  probe  measurements,  some  independent 
means  of  density  measurement  should  be  made,  such  as  by  the  use  of  microwave 
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techniques  as  described  by  Smith,  Ewall,  and  Johnson  |_7_]  . 

It  was  seen  that  the  data  reported  herein  was  not  continuous  with 
respect  to  probe  position  in  that  it  was  necessary  to  hold  the  probe 
position  constant  while  the  voltage  was  varied,  nor  was  there  any  data 
reported  which  described  conditions  at  the  center  of  the  beam.   Both  these 
shortcomings  could  be  overcome  with  the  use  of  the  rotating  probe  as 
described  by  Smith,  Ewall,  and  Johnson  T7J  ,  and  also  by  Gardner,  et  al  I  2 J. 
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ure   I.     Plasma  facility 
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Figure  2.  Data  gathering  equipment 
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Probe  Potential 


Fig.  3.  Idealized  plot  of  probe  potential  vs  probe  current 
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NOTES: 


X  and  Y  represent  the  X  and  Y  channel 
inputs  of  the  Houston  Model  HE  932 
recorder. 


2.  Replace  shorting  wire  A  with  ammeter 
and  place  dummy  load  (800  ohm,  20  watt 
resistor)  across  B  for  calibration  of 
sensitivity  potentiometers. 


Fig.  4.  Probe  measuring  circuit 
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Fig.  5«  Probe  characteristic  curve  from  X-Y  recorder, 
probe  position  20  mm,  magnetic  field  strength 
7,020  gauss.  Voltage  scale:  10  volts/cm. 
Current  scale:  trace  (l)  20  ma/cm,  trace  (2) 
1  ma/cm. 
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Fig.  6.  Typical  I  vs  V  plots  at  a  magnetic  field  strength  of  4,980 
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Fig.  7.   Tabular  summary  of  data 
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Fig.  8.  Plot  of  ion  density  vs  field  strength  for  different  probe  positions 
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